The reorientational motion of the molecules in liquid water is investigated by measuring the anisotropy decay of the O±H stretching mode of HDO dissolved in D 2 O using femtosecond mid-infrared pump±probe spectroscopy. We observe that the anisotropy shows a non-exponential decay with an initial fast component of which the amplitude increases with increasing lengths of the O±HÁ Á ÁO hydrogen bond. The experimental results can be accurately described with a model in which the dependence of the reorientation rate on the hydrogen-bond length and the stochastic modulation of this length are accounted for. It is found that the O±H group of a water molecule can only reorient after the O±HÁ Á ÁO hydrogen bond has suciently lengthened. As a result, the eective rate of reorientation of the molecules in liquid water is determined by the rate at which the length of the hydrogen bonds is modulated. Ó
Introduction
Liquid water plays an important role in many chemical and biochemical processes, but little is known about the microscopic mechanism by which water aects these processes. Unfortunately, infrared absorption and Raman spectroscopy give little information on the microscopic dynamics and interactions in liquid water because the absorption and Raman bands of the low-frequency liquid modes [1±4] are strongly inhomogeneously broadened due to the strong variation in hydrogen-bond interactions [5, 6] .
In previous infrared absorption and Raman studies on water, broad Gaussian-shaped resonances near 50 cm À1 (1.5 THz), 200 cm À1 (6 THz) and 650 cm À1 (19.5 THz) [1±4] were observed that were tentatively assigned to hydrogen-bond bend vibration, hydrogen-bond stretch vibration and librational motion, respectively [7, 8] . These bands do not form easily distinguishable spectral species but are superimposed on a broad background that is often described as a combination of several Debye relaxational modes. The reported time constants and strengths of these relaxational modes show a large variation over the dierent studies. In several studies, a relatively slow relaxational mode with a time constant of approximately 8 ps has been observed [2,9±13] . In addition to this mode, one or two faster relaxational modes Chemical Physics 258 (2000) 233±245 www.elsevier.nl/locate/chemphys have been reported with time constants that vary between a few hundred femtoseconds to a few picoseconds [10±16] . The origin of the relaxational modes has not been unambiguously identi®ed, and they have been assigned to the coupling between the high-frequency librational mode and lowerfrequency modes [6] , to the dephasing of the stretch and bend modes of the hydrogen bonds [14] and the rotational diusion (reorientation) of the dipolar water molecules [15, 16] . Recently, it has become possible to investigate the reorientational motion of liquid water in a time-resolved manner with femtosecond mid-infrared saturation spectroscopy [17] . This technique has two important advantages over conventional techniques. First, this technique directly probes the reorientation of individual molecules so that the measured (relaxational) response can only be due to the reorientation of the water molecules and cannot result from other eects like the dephasing of hydrogen-bond stretch and bend modes. Second, this technique enables the study of the orientational dynamics of selected subensembles of the water molecules, whereas in the conventional spectroscopic techniques, an average over the whole inhomogeneous ensemble is measured always.
In a recent femtosecond mid-infrared experiment, the reorientation of the individual O±H groups of the water molecule was investigated [17] . Two distinct time scales for the reorientation of the O±H groups were observed, depending on the strength of the O±HÁ Á ÁO hydrogen bond by which the water molecule is bonded to another water molecule. For O±H groups with a strong O±HÁ Á ÁO hydrogen bond, the reorientation is slow, while for O±H groups with a weak O±HÁ Á ÁO hydrogen bond, the reorientation is fast. These results suggest that there exist dierent water molecules in the liquid with dierent persistent strengths of the O±HÁ Á ÁO hydrogen bond [17] . However, in other femtosecond mid-infrared pump±probe studies it was observed that the hydrogen-bonded structures cannot be persistent and that the O±HÁ Á ÁO hydrogen bond is in fact subject to a rapid stochastic modulation [18±20] . This stochastic modulation is expected to have a strong eect on the reorientational dynamics because it induces an exchange between strong and weak O±HÁ Á ÁO hydrogen bonds. In this paper, we report a femtosecond mid-infrared study on the reorientational dynamics of liquid water in which the coupling between the hydrogen-bond stretching dynamics and the reorientational motion is investigated in detail.
Experimental
We performed both one-color and two-color pump±probe experiments on the O±H stretch mode of a dilute solution of HDO dissolved in D 2 O (0.4%). All experiments are performed at room temperature. Mid-infrared pulses are generated via parametric generation and ampli®cation in BBO and KTP crystals. These non-linear frequency conversion processes are pumped with the pulses delivered by a Ti:sapphire regenerative ampli®er that have a central wavelength of 800 nm, an energy per pulse of 1 mJ and a pulse duration of approximately 120 fs. The repetition rate of the system is 1 kHz. The generated mid-infrared pulses tunable between 2.7 and 3.3 lm have a typical pulse energy of 20 lJ and a pulse duration of approximately 200 fs.
In the one-color experiments, a small fraction of the generated mid-infrared pulses is split o by a beam sampler and sent into a variable delay. This fraction serves as probe while the remaining part of the pulse serves as pump. In the two-color experiments, an independently tunable probe pulse is generated using a second KTP crystal. The pump and probe are focused to a common focus into the sample using a CaF 2 lens. For each laser shot, the input probe energy (I ref ) is determined. The energy of the transmitted probe light (I) is also measured using a PbSe photoconductive cell. The pump beam is chopped in order to compare the transmission of the probe with (T IaI ref ) and without pump pulse (T 0 I 0 aI ref ). The intensity of the pump pulse is sucient to excite a signi®cant fraction of the HDO molecules in focus to the ®rst excited state of the O±H stretch vibration (m OH 1). If the probe frequency is resonant with the m OH 0 3 1 transition, the excitation by the pump will result in a bleaching eect for the probe lnT aT 0 b 1. If the probe is resonant with the m OH 1 3 2 transition, which is redshifted with respect to the m OH 0 3 1 transition by approximately 270 cm À1 [5] , the excitation by the pump will result in an induced absorption lnT aT 0 1. In order to study the orientational relaxation of the excited molecules, the polarization of the probe is rotated 45°with respect to that of the pump using a zero-order ka2 plate. The transmission changes of the probe parallel to the pump lnT a T 0 k and perpendicular to the pump lnT aT 0 c are measured as a function of the delay s with respect to the pump. At each laser shot, the two polarization components of the probe are simultaneously detected by splitting the transmitted probe light into two parts and by detecting these parts with separate polarizers and PbSe detectors.
The probability of an HDO molecule to be excited by the pump is proportional to cos 2 h, with h being the angle between the pump polarization and the molecular transition-dipole moment that is directed along the O±H bond. The HDO molecules are randomly oriented which results in a distribution of excited molecules that is given by f h 3a4p cos 2 h. It can easily be shown that for this distribution, the transmission change for the probe component parallel to the pump lnT aT 0 k is three times as large as the transmission change of the probe perpendicular to the pump lnT aT 0 c . Due to the orientational relaxation, the initial angular distribution of the excited molecules f h 3a4p cos 2 h decays and eventually becomes isotropic. In this limit, the signals lnT aT 0 k and lnT aT 0 c are equal. Unfortunately, these signals are not only aected by the orientational dynamics but also by the decay of the excitation. The excited m OH 1 population will decay with a typical time constant of approximately 750 fs [18] . In order to separate the orientational dynamics from the population dynamics, the dynamics of the so-called anisotropy parameter Rs is measured. This parameter is de®ned as
The vibrational relaxation aects the numerator and the denominator of this expression in exactly the same manner. As a result, R is not sensitive to the vibrational relaxation and only re¯ects the reorientational motion. However, in the case of fast vibrational dynamics, both the numerator and the denominator decay rapidly so that a very good signal-to-noise ratio for lnT aT 0 k and lnT aT 0 c is required to obtain a reliable value for R at large delay values.
Experimental results
In Fig. 1 , the transmission changes lnT aT 0 k and lnT aT 0 c are presented as a function of delay for a one-color pump±probe experiment carried out at room temperature with a central frequency of 3500 cm À1 . This frequency is at the blue side of the absorption band of the O±H stretching mode of HDO:D 2 O. It is seen that when pump and probe overlap in time, the transmission of the probe is bleached due to the excitation of a signi®cant part of the HDO molecules to m OH 1. The initial ratio of lnT aT 0 k and lnT aT 0 c is approximately 3 as expected for a randomly oriented system. For later times, both the transmission changes lnT aT 0 k and lnT aT 0 c decay as a result of the vibrational relaxation. The resonance frequency of the O±H stretch mode is strongly determined by the O±HÁ Á ÁO hydrogen bond. Due to the variation in length and strength of this bond, the absorption band of the O±H stretch mode is strongly inhomogeneously broadened. With decreasing hydrogen-bond lengths (and increasing hydrogen-bond strengths), the absorption frequency of the O±H stretch vibration decreases. In Fig. 2 , the delay dependence of the normalized anisotropy parameter Rs is presented for three one-color pump±probe experiments with central frequencies of 3320, 3400 and 3500 cm À1 . These frequencies correspond with the red, central, and blue parts of the absorption band of the O±H stretching mode of HDO:D 2 O. The laser spectra and the absorption spectrum of the O±H stretching mode of HDO:D 2 O are presented in Fig. 3 . In Fig. 4 , the decay of the anisotropy is presented for a two-color pump±probe experiment in which the probe is resonant with the m OH 1 3 2 transition.
Model
In the following, we present a model for liquid water by which the observations of Section 3 can be explained. In this model, both the frequency dependence of the reorientation and the stochastic stretching dynamics of the O±HÁ Á ÁO hydrogen bond are accounted for.
Frequency-dependent reorientation
For an isolated molecule as light as HDO, the classical angular frequency of the rotation is on the order of 10 ps À1 at room temperature. The much slower observed decay of the anisotropy in Fig. 2 shows that in the liquid phase, the reorientation must be strongly hindered. This is to be expected since a water molecule has to break its hydrogen bonds in order to change its orientation. Recent measurements of the reorientation rate at dierent temperatures showed that the reorientation rate strongly increases with temperature. If the reorientation is described as an activated process the following Arrhenius equation for the reorientation time results:
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with s rot m being the reorientation time constant; m, the O±H stretch frequency; s 0 , a prefactor; E act m, the activation energy; k B , the Boltzmann's constant and T, the temperature. The data presented in Fig. 2 show that the reorientation rate strongly depends on the resonance frequency of the O±H stretching mode. This can be expected since a lower O±H stretch frequency implies a stronger O±HÁ Á ÁO hydrogen bond and thus a slower reorientation. Hence, the activation energy will depend on the hydrogen-bond strength and is expected to decrease with increasing O±H stretch frequencies.
Stochastic stretching dynamics of the hydrogen bonds
In several studies, it has been found that the eects of hydrogen bonding on the absorption band of a high-frequency vibration can be well described with an adiabatic model in which the potential-energy function of the low-frequency hydrogen-bond mode is determined by the quantum state of a high-frequency mode (in this case, the O±H stretching mode) [20±27] . In this description, the potential-energy function of the hydrogen-bond mode is often assumed to be a harmonic potential that has exactly the same shape for the ground and excited states of the high-frequency O±H stretching mode [20±25] . These potentials are displaced with respect to each other which results (in the classical limit) in a Gaussianshaped absorption spectrum with a width that increases with increasing displacements.
In the liquid phase, the hydrogen-bond mode will strongly interact with other degrees of freedom. These interactions can be accounted for by describing the hydrogen-bond coordinate as being subject to a stochastic modulation process. This stochastic process is often described as a Gauss± Markov process [20, 25, 26, 28] . The overall model of displaced parabolic functions and Gauss±Mar-kov stochastic modulation is often denoted as the Brownian oscillator model [28] . In two recent experimental studies, it was found that the Brownian oscillator model provides an accurate description of both the linear absorption spectrum and the spectral diusion of the O±H stretch vibration of HDO dissolved in D 2 O [19, 20] .
In the present calculation, we will employ the Brownian oscillator model to describe the absorption spectrum and the stochastic modulation of the hydrogen-bond mode. In this respect, our approach is exactly the same as has been used before in the modeling of transient spectra of hydrogen-bonded O±H stretch vibrations. The main extension is that we will also incorporate the dependence of the reorientation rate on the hydrogen-bond length, in order to model the decay of the anisotropy.
In Fig 5 , the harmonic potentials of the hydrogen-bond mode are presented that are used in the calculation. The curvature of these potentials is chosen such that for the resonance frequency of the hydrogen-bond stretching mode a value of 200 cm À1 results. This gives the following dependence for the hydrogen-bond potential energy V i in cm À1 of the state m OH i on the hydrogen-bond coordinate r in m: V i aa100hcr À r i 2 with a 10X68 kg s À2 , h is the Planck's constant, c, the velocity of light in vacuum and r i , the minimum of the potential V i . For r 0 , we use a value of 280 Â 10 À12 m [29] . The relative displacement r 0 À r 1 7X35 Â 10 À12 m. This displacement leads to an absorption spectrum with a full width at half maximum (FWHM) of 260 cm À1 , in agreement with the experimental spectrum shown in Fig. 3 .
The interactions with the surrounding molecules lead to rapid dynamics of the hydrogen bond in the potential of m OH 0. These dynamics in turn induce a rapid spectral diusion of the O±H stretching frequency of the dissolved HDO molecules. Hence, the frequency of each O±H oscillator is given by
with x 01 t being the frequency of the m OH 0 3 1 transition at time t, x 0 , the central frequency of this transition and dx 01 t, the detuning at time t.
Because the absorption spectrum of the O±H stretching mode is nearly Gaussian, the motion of the hydrogen bond can assumed to be overdamped [28] . As a result, the spectral dynamics of the dx 01 t follows a Gauss±Markov random process, with an autocorrelation function
with s c being the autocorrelation time constant for the detuning. Recently, values for s c of 700 [19] and 500 fs [20] have been reported. These values are in quite good agreement with the time constant of 500 fs for breaking the hydrogen bond that has been inferred from depolarized Rayleigh scattering experiments [15] and also agree quite well with the results of recent molecular dynamics simulations [30] . In modeling the data of Figs. 2 and 4, we will use a value for s c of 500 fs to characterize the hydrogen-bond dynamics in both the m OH 0 state and the m OH 1 state. Due to the relative displacement of the potentials, the excitation from the minimum of the hydrogen-bond potential corresponding to the m OH 0 state leads to a non-equilibrium hydrogenbond length in the hydrogen-bond potential corresponding to the m OH 1 state. Equilibration in the potential of the latter state results in contraction of the hydrogen bond and to a redshift in the stimulated emission from m OH 1 to m OH 0. This redshift (dynamic Stokes shift) has indeed been observed and has a value of approximately 60 cm À1 [20] . It should be noted that, in the case of harmonic potentials, a direct relationship exists between the Stokes shift S and the parameter D that determines the width of the absorption line shape e Àx 2 a2D 2 [28] :
with " h being the Dirac's constant (Planck's constant divided by 2p). In Fig. 6 , the calculated Gaussian spectral shapes for the absorption m OH 0 3 1 and the stimulated emission m OH 1 3 0 are presented. The latter spectrum is redshifted by 60 cm À1 with respect to the ®rst due to the Stokes shift. The width and shape of the absorption spectrum correspond quite well to the experimental spectrum, as shown in Fig. 3 . 
Method of calculation
The Brownian oscillator model can be used to derive explicit analytic solutions for the isotropic transient spectrum of the O±H stretching mode at dierent delay times [24, 28] . In order to calculate the anisotropy decay, this model should be extended with an explicit description of the dependence of the reorientation rate on the hydrogenbond length, as is presented in Section 4.1. This combination of the Brownian oscillator model and the dependence of the reorientation rate on the hydrogen-bond length is too complicated for an analytical evaluation so that a numerical approach is required. In this numerical approach, the hydrogen-bond coordinate r of the m OH 0 and the m OH 1 states is divided into bins that each correspond to a particular length interval, namely 1 Â 10 À12 m, of the hydrogen bond. These bins exchange population to account for the stochastic stretching dynamics of the hydrogen-bond length. The exchange of population is calculated in the following way: In each time step of the integration, the bins exchange population with their nextnearest neighbors with a time constant that is given by
with DV being the dierence in potential energy in cm À1 at the central positions of the bins.
that the stochastic modulation of the hydrogen-bond length is truly modeled as a Gaussian process since the change in hydrogen-bond length r resulting from a single modulation event is small compared to the width of the Gaussian distribution in r [31] .
To account for the anisotropy decay of the population in these bins, the frequency-dependent reorientation rate is transformed to a reorientation rate that depends on the hydrogen-bond length r. This transformation can easily be performed since for displaced harmonic potentials, the transition frequency m is linearly related to r as m 2aa100hcr À r 0 r 0 À r 1 m 0 4X6
with m in cm À1 , r and r 0 in m, a 10X68 kg s À2 , r 0 À r 1 7.35Â10 À12 m and m 0 , the center frequency of the absorption band, which is 3400 cm À1 . The reorientation rate is discretized to de®ne a reorientation rate for each bin (length interval) of the hydrogen bond in the m OH 0 and m OH 1 states.
The time dependence of the anisotropy is evaluated in the following way: The excitation by the pump will result in a hole Dn 0 r in the population distribution of m OH 0 and to an induced population distribution Dn 1 r in m OH 1. The hydrogen-bond position, r, at which the hole in the m OH 0 state and the population in the m OH 1 state are generated and is fully determined by the central frequency and the spectral width of the with Dn iYk r and Dn iYc r being the change of the population distribution of the state m OH i as experienced by the parallel and perpendicular polarization components of the probe, respectively, and I probe r, the normalized probe intensity as a function of the hydrogen-bond coordinate r. The latter function can be obtained from I probe m using Eq. (4.6).
The evaluation of the anisotropy parameter can be simpli®ed by de®ning the so-called anisotropic population distributions Dn aniYi r Dn iYk r À Dn iYc rY 4X9
and isotropic population distributions
Dn isoYi r Dn iYk r 2 Dn iYc r 4X10 with i denoting either the m OH 0 or the m OH 1 state. The isotropic population distributions Dn isoY0 r and Dn isoY1 r are only aected by the stochastic modulation of the hydrogen-bond length, whereas the anisotropic distributions Dn aniY0 r and Dn aniY1 r are aected by both the stochastic stretching dynamics and the reorientation. At each time point, the isotropic and anisotropic population distributions are evaluated using a fourth-order Runge±Kutta scheme. The anisotropy parameter R at a certain time is given by Rt I probe rDn aniY1 rY t À Dn aniY0 rY t dr I probe rDn isoY1 rY t À Dn isoY0 rY t dr X
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The time dependence of pump and probe is accounted for by generating the initial Dn isoY0 r, Dn aniY0 r, Dn isoY1 r, and Dn aniY1 r with a time pro®le that is given by the cross-correlation of pump and probe.
Results and interpretation
The solid curves in Figs. 2 and 4 represent the delay dependence of the anisotropy calculated with the model presented in Section 4. The best ®t of the experimental results is obtained with the following dependence of the activation energy E act m in cm À1 on the distance r in m:
This activation energy agrees quite well with the energetic cost of hydrogen-bond breaking in water for which a value of approximately 900 cm À1 has been inferred using Raman spectroscopy [32] . It also agrees quite well with the value of approximately 650 cm À1 for the activation energy of the rotation diusion of water that was inferred from quasi-elastic incoherent neutron scattering [33] .
The frequency dependence of the reorientation rate 1as R that results from Eq. (5.1) is shown in Fig. 6 . The rate is low at low frequencies, strongly increases in a particular frequency regime and is at a constant high value at high frequencies. From  Fig. 6 , it can be seen that this frequency-independent high value is reached at a frequency of 3650 cm À1 . At this frequency, the reorientation is no longer hindered by the O±HÁ Á ÁO hydrogen bond. The cut-o frequency of 3650 cm À1 is indeed close to the gas-phase value of the O±H stretch frequency of the isolated HDO molecule. The residual activation energy of 600 cm À1 results from
steric hindering by surrounding D 2 O molecules and other hydrogen bonds that negligibly aect the O±H stretch frequency. The pre-exponential time constant s 0 has a value of 20 fs which is on the order of the rotation time of the free HDO molecule. This value agrees quite well with the value of 48.5 fs for the pre-exponential time constant that was inferred from quasi-elastic incoherent neutron scattering [33] . It is clear from Figs. 2 and 4 that at least two distinct reorientational time scales can be distinguished. In fact, on the basis of the model of Section 4, even three dierent reorientational time constants are expected. The ®rst, fast time constant is mainly observed at the blue side of the absorption band in the ®rst picosecond after excitation and is associated with the immediate reorientation of excited molecules for which the O±HÁ Á ÁO hydrogen bond is long. These molecules can directly change orientation with a time constant that is equal to the high-frequency limit of the reorientation rate shown in Fig. 6 . After 1 ps, most of these molecules have reoriented and the stochastic stretching dynamics of the hydrogen-bond length has led to an equilibration of the population distributions Dn isoY0 , Dn isoY1 , Dn aniY0 , and Dn aniY1 .
After equilibration, the isotropic populations Dn isoY0 and Dn isoY1 have acquired a permanent Gaussian shape centered at the minima of the potentials of the m OH 0 and m OH 1 states. In comparison with these isotropic distributions, the equilibrated anisotropic distributions Dn aniY0 and Dn aniY1 will be shifted to smaller values of r because the decay rate of the anisotropy increases with r. From Eq. (4.11), it is clear that these equilibrated distributions result in an anisotropy parameter R that is smaller at the blue side (large values of r) than at the red side. However, the time dependence of the R will be the same at all probe frequencies after equilibration, because the shape of the population distributions no longer changes. Hence, after 1 ps, the amplitude of R is much smaller at the blue side than at the red side of the absorption band, but the decay rate of R is the same at all probe frequencies as is indeed observed in Fig. 2 .
The second and third time constants of the reorientation are associated with the decay of the equilibrated anisotropic population distributions in the m OH 0 and m OH 1 states, respectively. In both states, these distributions are concentrated at values of r at which the reorientation rate by direct breaking of the hydrogen bond is negligible. Hence, the hydrogen-bond should ®rst be elongated before reorientation can occur. The resulting reorientation will become faster with increasing fractions of fast reorienting molecules and decreasing time constants for the reorientation and the stochastic modulation of the hydrogen bond.
In the m OH 1 state, the minimum of the potential energy curve and the maximum of the equilibrated Dn aniY1 r population distribution are at a smaller value of r than in the m OH 0 state. Since the direct reorientation rate is assumed to depend only on the hydrogen-bond length, the fraction of molecules for which the direct reorientation is fast will be smaller in the m OH 1 state than in the m OH 0 state. This can clearly be seen in Fig. 6 : for the stimulated emission band m OH 1 3 0, the overlap with the spectral region in which the reorientation is fast is much smaller than for the absorption band m OH 0 3 1. As a result, the eective reorientation time constant after equilibration will be longer for the m OH 1 state than for the m OH 0 state. The decay observed in Fig. 2 in the time interval between 1 and 2.5 ps results from both the decay of the equilibrated population in the m OH 0 state and the decay of the equilibrated population in the m OH 1 state. In the experiment of Fig. 4 , the probe pulse is resonant with the m OH 1 3 2 transition so that only the relatively long eective reorientation time constant of the equilibrated population m OH 1 state is observed. Indeed, in Fig. 4 , the decay rate of R is somewhat slower than in Fig. 2 .
From our results, it can be concluded that the reorientational dynamics in liquid water are strongly coupled to the rapid stochastic stretching dynamics of the hydrogen bond. In our model, this coupling is largely accounted for: the model explicitly describes the enabling (disabling) of reorientation due to the lengthening (shortening) of the hydrogen bond. However, the coupling will in principle also work in the other direction: reorientation by breaking a hydrogen bond will in¯u-ence the length of the hydrogen bond. This eect will be small because the stochastic modulation of the hydrogen-bond length is a much faster process than the reorientation. Hence, the reorientation is strongly aected by the fast stochastic modulation of the hydrogen-bond length, whereas the modulation of the hydrogen-bond length is hardly inuenced by the slow reorientation.
Comparison with other studies
In previous Raman, dielectric relaxation and far-infrared spectroscopic studies of water, a relaxational response was measured, which likely results from the reorientation of the water molecules. In these studies, the complex dielectric function x is measured at low frequencies. Thereby, the decay of the ®rst-order correlation function C 1 t hPt Á P0i is measured, with P being the macroscopic polarization. Often, this correlation function is assumed to be a sum of exponentially decaying functions: hPt Á P0i j expÀtas 1Yj with s 1Yj being the relaxation time constants, often denoted as the Debye relaxation time constants.
In the femtosecond experiments presented here, the second-order correlation function C 2 t hP 2 et Á e0i e Àtas 2 , with P 2 x being the second Legendre polynomial in x and e a unit vector in the molecular frame. In our experiments, the dynamics of the O±H stretch vibration of the HDO molecule is probed so that this unit vector points along the O±H bond. If the dynamics of this unit vector is the same as that of the macroscopic polarization and if there is no preferred rotation axis or molecular orientation, i.e. when the reorientation is isotropic, it can easily be shown that the time constants s 1 and s 2 relate as s 1 3s 2 [34] . It should be noted that the reorientation time of the O±H bond can be dierent from that of the dipole of the HDO molecule and that the dynamics of an individual dipole can dier from that of the macroscopic polarization. In this latter macroscopic response, local-®eld eects can play an important role. These local-®eld eects tend to sharpen up the dielectric response, thereby making the ratio of s 1 and s 2 larger than 3. However, in order to make a comparison of our results with dielectric relaxation and far-infrared spectroscopic studies, we will assume that the relaxation of hPt Á P0i is three times as slow as the decay of the anisotropy of the O±H stretching mode. Under this assumption, the model described in Section 4 can be used to calculate the time dependence of the correlation function hPt Á P0i as would be measured in dielectric relaxation and far-infrared spectroscopic experiments. In this calculation of hPt Á P0i, we neglect the population of the m OH 1 state since in these experiments, all molecules will be in the ground state of the O±H stretching mode. In addition, there is no initial frequency dependence induced by a pump pulse that is spectrally narrower than the absorption line width. Hence, the initial thermal population distributions Dn isoY0 r and Dn aniY0 r will be Gaussian.
The calculated hPt Á P0i is presented in Fig.  7 . After an initial fast decay, the relaxation becomes exponential with a time constant of 7.85 ps. This exponential component forms the dominant contribution to the relaxation function. This purely exponential decay appears after a time of approximately 1 ps, corresponding to the characteristic time scale of the modulation of the hydrogen-bond length. The calculated decay of hPt Á P0i is in excellent agreement with the relaxational response that is observed in dielectric relaxation [10] and far-infrared (THz) spectroscopic studies [2,9,11±13] . This good agreement strongly supports an interpretation of the experimentally observed relaxational response in terms of the reorientation of the dipolar water molecules. For the slow component, an experimental Debye time constant of approximately 8 ps has been reported, which compares well with the time constant of 7.85 ps that follows from our calculation.
In Fig. 7b , the fast initial decay of hPt Á P0i is highlighted by taking the dierence between hPt Á P0i and an exponential decay with a time constant of 7.85 ps. This fast initial decay results from water molecules for which the O±HÁ Á ÁO is long at the moment the (static) electric ®eld is switched. After approximately 1 ps, these molecules have reoriented, and the much slower decay of the remaining molecules is observed. The fast initial decay can be ®tted to an exponential function with a time constant of 600 fs. For this contribution to the dielectric relaxation, dierent Debye time constants ranging from less than 200 fs up to a few picoseconds have been reported [10±16], which agrees quite well with the calculated result. The fact that the dierent studies do not agree on the precise value of the time constant may very well result from the small amplitude and non-exponential character of the fast component.
The reorientational motion of water molecules has also been studied with NMR techniques. The longitudinal relaxation time constant of the spin polarization can be related to the second-order correlation function C 2 t hP 2 et Á e0i e Àtas 2 . In NMR studies, a value for s 2 of 2.6 ps was found [35] , which corresponds to a value for s 1 of 7.8 ps, in excellent agreement with the calculated value for s 1 of 7.85 ps.
In Fig. 8 , the time constant of the exponential decay to which the calculated hPt Á P0i converges is plotted as a function of temperature and compared with the results of recent accurate farinfrared spectroscopic measurements of the slow component of the dielectric relaxation of water and deuterated water (reproduced with the courtesy of the authors of Ref. [13] ). It is seen that the time constant of the dielectric relaxation decreases from 9.5 ps at 290 K to 2.7 ps at 370 K. The calculated result for HDO in D 2 O is somewhat in between the measurements for H 2 O and D 2 O and quite accurately follows the temperature dependence of the experimental values.
In previous far-infrared (THz) spectroscopic experiments, it was found that the temperature dependence of the dielectric relaxation cannot be modeled as an activated process [12] . At ®rst sight, this may seem surprising since, according to Eq. (4.4), the reorientation rate is described as an activated process with an activation enthalpy that depends on the hydrogen-bond length. However, the overall dielectric relaxation time constant is not only determined by the relaxation rate at a particular hydrogen-bond length but also by the time constant of the stochastic modulation of the hydrogen-bond length and the fraction of molecules for which the reorientation is fast. This leads to a more complex temperature dependence for the overall dielectric relaxation rate. Fitting the observed temperature dependence of the dielectric relaxation as an activated process results in an activation enthalpy that decreases with temperature [12] . This can be understood as follows: At low temperatures, the fraction of molecules that show fast reorientation is very small but increases strongly with temperature. As a result, the observed overall reorientation rate increases rapidly with temperature, thereby suggesting a large activation enthalpy for the overall rate. However, at higher temperatures, the fraction of molecules showing fast reorientation is already substantial and increases negligibly upon further increasing the temperature. As a result, the overall reorientation rate increases much more slowly with temperature, which suggests a small activation enthalpy. Clearly, the de®nition of an activation enthalpy for the observed relaxation time is not very meaningful since such a de®nition neglects the strong dependence of the reorientation rate on the hydrogen-bond length and the stochastic modulation of this length. Only by including these effects, as is done in the model of Section 4, the observed complicated temperature dependence can be accounted for.
It was also found that the temperature dependence of the dielectric relaxation scales well with the viscosity of liquid water following the Debye± Stokes±Einstein equation [12] . This strongly suggests that the viscosity of liquid water is inversely related to the fraction of molecules for which the hydrogen-bond interaction is weak and for which the reorientation is fast. Finally, it was found that the temperature dependence of the dielectric relaxation constant suggests a critical temperature [36] . The temperature dependence of many properties of liquid water, including the dielectric relaxation, show a temperature dependence following jT À T c j Àc (Speedy±Angel plot) with a critical temperature T c of 228 K. The model of Section 4 does not contain a critical temperature. On the other hand, it is quite likely that at temperatures near 230 K, the fraction of molecules for which the reorientation can be fast becomes negligible, not only because the temperature-dependent reorientation rate decreases but also because there will be a narrowing of the distribution of hydrogen-bond lengths. As a result, the eective reorientation time constant can indeed become in®nitely large.
Conclusions
We studied the orientational dynamics of liquid water using femtosecond mid-infrared saturation spectroscopy on the O±H stretching mode of HDO dissolved in D 2 O. The advantage of this technique over conventional techniques (dielectric relaxation, stimulated Raman) is that the orientational dynamics of dierent subensembles of the HDO molecules can be selectively investigated by tuning the frequency of the excitation pulses through the inhomogeneously broadened absorption band of the O±H stretch vibration. It is observed that the dynamics of the reorientation consists of a weak initial fast component followed by a much stronger slow component.
We found that the observed orientational dynamics can be well described with a model in which the reorientation rate depends on the length of the O±HÁ Á ÁO hydrogen bond and in which the stochastic modulation of the length of this bond is accounted for. This stochastic modulation has a characteristic time scale of 500 fs and is described with a model in which the O±HÁ Á ÁO hydrogen bond is described as an overdamped Brownian oscillator.
The model also provides a quantitative description of the dielectric response of liquid water, as is observed in dielectric relaxation and farinfrared spectroscopic studies. It also explains why the temperature dependence of the dielectric re-sponse cannot be described as a simple activated process. The good agreement between the model and the experimental observations enables a microscopic interpretation of the fast and the slow component that are observed in all orientational and dielectric relaxation studies on liquid water. After anisotropic excitation with an ultrashort laser pulse or after switching the static electric ®eld in a dielectric relaxation experiment, the water molecules for which the O±HÁ Á ÁO hydrogen bond is long (weak) will show a direct, rapid reorientation. After approximately 1 ps, the rapid stochastic modulation of the length of the O±HÁ Á ÁO hydrogen-bond has led to an equilibration of the anisotropic distribution that is concentrated at short O±HÁ Á ÁO hydrogen-bond lengths for which the reorientation is slow. For these water molecules, the hydrogen-bond should ®rst be lengthened (weakened) before reorientation can occur. This mechanism of reorientation has an associated effective reorientation time scale that decreases with increasing fractions of fast reorienting molecules and decreasing time constants for the reorientation and the stochastic modulation of the hydrogenbond length.
